Abstract: A dual view capsule endoscopic (DVCE) lens is proposed with front view and back view functions. This is a hybrid lens with a catadioptric mirror and an aspherical surface to support both view functions. The field of view (FOV) for the front view function is 90 degrees. The FOV for the back view function is 260 to 290 degrees. The TV distortion for the front view and back view function is under 30% and 25%. The corner relative illuminations for the two view functions are above 0.53. The Modulation Transfer Function (MTF) performance at the Nyquist Frequency for the two view functions can be kept above 0.35, even under tolerance they can remain above 0.2. Moreover, the telecentric conditions at the image plane of the DVCE system can support constant magnification through focusing. This condition can reduce the measurement error by slightly defocusing of the lens. Thus, the two view functions can offer physicians a wide viewing angle to deal with lesions over the fold.
Introduction
The endoscope is a very important tool which can provide doctors direct observation of the digestive tract. Through digestive endoscopy, we can evaluate gastrointestinal bleeding, the mucosal structure, superficial vessel patterns, motility, obstructions, and benign or malignant lesions. Compared with conventional endoscopy, capsule endoscopy is less invasive, easier for endoscopists to perform, and involves fewer complications, such as trauma or rupture of the digestive tract. Conventional endoscopy is contraindicated when patients are not willing to cooperate, but capsule endoscopy is not [1] . Furthermore, for examination of the small intestine, the capsule endoscope provides a safer and more comfortable examination experience to the patient and more complete pictures to the doctors than conventional endoscopy [2] .
There are two main types of lens architecture used in the capsule endoscope. One is the front imaging capsule endoscope (FICE) which utilizes a traditional wide angle lens, but there are some disadvantages to this structure, such as the narrow field of view, short depth of focus and discontinuous image. Another type is the radial imaging capsule endoscope (RICE). This capsule endoscope can obtain a continuous image during the checking period, but it still has some disadvantages for endoscopic applications. The main disadvantage is loss of the front view function. In a traditional examination, doctors use the front view to find any malignant or benign lesions. To overcome the limitations of an endoscope with only a front view function and to deal with wrinkled intimae, the capsule endoscope needs new features.
In this study, the goal is to design a capsule endoscope with a front view and wide viewing angle for the examination of wrinkled intimae. A novel capsule endoscope lens with a dual view function is proposed, the dual view capsule endoscopic lens (DVCE lens). The DVCE lens design offers a front view angle and back view angle simultaneously and overcomes the limitations of the traditional lens design with only one view. For the front view function a wide angle telecentric lens is used. For the back view, the lens part consists of a catadioptric mirror and an f-theta lens with a telecentric condition. The key feature of the dual view DVCE lens is supplied by using a hybrid free form lens to obtain the front view by its center part and the back view by its edge part. The front field of view (FOV) of the capsule endoscope can exceed 90 degrees. The back FOV can cover the range from 260 to 290 degrees. For the dual view capsule endoscope system, the MTF value can reach 0.29 at full view for dual view configurations. Moreover, the optical distortion of the front view can be controlled under 80% and 25% under front view and back view conditions. Given the tolerance analysis, the Modulation Transfer Function (MTF) value at the Nyquist frequency still remains at 0.3. The DVCE lens has been finished and the optical performance has been verified. The novel optical design can enable better medical testing in the near future.
Design concept and specifications for a dual view capsule endoscope

Design concept
In the traditional capsule endoscope design the lens is very compact in size with only one viewing angle for searching for lesions. The lens structure is typically a wide angle lens without telecentric conditions at the image plane [3] . The typical FOV of the capsule endoscope lens is around 80-154 degrees [3] [4] [5] . Recently, Ou et al. used a conical mirror as the first optical element in a capsule endoscopic lens to bend the FOV to obtain a side viewing angle [6] , the so-called RICE lens. Owing to the conical mirror, the FOV of the capsule endoscopic lens can be increased to 260 to 290 degrees for the side view function. However with the RICE lens, the front viewing angle of the traditional capsule endoscope lens is lost, a disadvantage for doctors in their search for disease. Furthermore, the intestine is not like a clear tunnel but has folds and loops. The RICE lens cannot get a clear image given the intestinal redundancy and looping. We strive to combine the advantages of the FICE lens and the RICE lens, by developing an aspherical surface hybrid of the two designs to create the novel DVCE lens design illustrated in Fig. 1 . Figure 1(a) shows the DVCE working in the human digestive tract. Figure 1(b) shows the novel DVCE lens design with the simultaneous front and the back functions. In order to improve the image quality and deal with positioning errors caused by some defocusing issues, the telecentric condition at the image plane is adopted in this design. In the rear part of the DVCE lens design, the same lens group is used in the lens architecture for the front and back view configurations. The DVCE lens design allows inspection of the intestinal folds without the reverse function necessary in the conventional checking process [7] . Moreover, in conventional endoscopy, inflation and the associated apparatus are utilized to make a more detailed observation of lesions over the folds. In capsule endoscopy, it is difficult to overcome the obscuring of the visual field by the intestinal folds. However, the DVCE lens can offer the function of being able to check for lesions over the folds without any assistance. The DVCE can help overcome the disadvantages of conventional capsule endoscopes in terms of the viewing angle.
Dual view capsule endoscopic lens specifications
For an image capture system, the image sensor is an important element. The specifications for the complementary metal-oxide-semiconductor (CMOS) sensor, used in order to reduce the volume and power consumption of the capsule endoscope system, are shown in Table 1 . [8] . This image sensor can work under lower power consumption with a high bit rate. Owing to the dual view conditions, the capsule endoscope uses two effective focal lengths under the same CMOS image sensor. Thus, the CMOS sensor area can be divided into two image zones. One is the front view zone with an image height from 0 mm to 1.1 mm and the other is the back view zone with an image height form 1.4 mm to 2.0 mm. Between 1.1 mm to 1.4 mm is a blind spot without any image. The blind spot can be divided between the front view image and the back view image. For the front view configuration, the DVCE lens should have a typical wide angle field of 90 degrees [9] so the effective focal length of the front view configuration is 0.76 mm. For the back view configuration, the DVCE lens design adopts an ultra-wide-angle lens with a catadioptric mirror [10] [11] [12] . The effective focal length (EFL) of the back view configuration for the DVCE is 1.23 mm. The FOV of the back view configuration is 260 to 290 degrees. All optical specification of the DVCE lens design is shown in Table 2 . According to the specifications for the DVCE lens, the entire chief ray angle is less than 5 degrees. There are two main reasons for the near telecentric condition, the first being that a reduction in the cosine law effect which can improve lower relative illumination at the corners or the dark corner issue [13] . The second reason is constant magnification through the focus [13].
Optical design and performance analysis
Optical design and layout of the DVCE lens
The layout of the novel DVCE lens is shown in Fig. 2(a) . According to the specifications, there are two configurations for the front and back viewing functions. Each configuration has its own optical features. The descriptions below are also divided into the front and back view configurations.
For the front view configuration of the DVCE lens, the lens structure is a typical wide angle lens with telecentric conditions, as shown in Fig. 2(b) . This lens consists of two lens groups (-, + ) and is typically the reverse telephoto type [14] . The notation (-, + ) refer to the optical power as negative for the first lens group and positive for second lens group . In order to let the lens work at a lower F/# under a wider angle, the first negative group is divided into three lenses. The three lens structures are (-,-, + ). In order to keep the Petzval sum lower, the two negative front lenses introduce the undercorrect Petzval sum into the DVCE lens and the single positive rear lens introduce the overcorrect Petzval sum into the DVCE lens. There is some balance achieved for the Petzval sum. The rear lens group is the positive lens group. The lens stop is set at the position between the front negative lens group and rear positive lens group. The lens stop is also at the focal plane of the rear positive lens group [15] . Of the two configurations, the rear lens group after the stop is the common part for the DVCE lens. The lens for the front view configuration is a typical wide angle lens with a telecentric condition. Therefore, the stop is the telecentric stop located at the focal point of the rear lens group [13] Based on the specifications in Table 1 . and the above discussion, we searched the United States Patent database for patent results for the DVCE lens design. Accordingly, US patent 4647161 and US patent 4269478 were used as the starting point for the front view configuration design [16, 17] In this DVEC lens design, the rear lens group is common to both the front and the back view configurations. This lens group is comprised of a typical f-theta lens with telecentric condition at the image side. In order to reduce the petzal curve, the lens group is divided into three positive lenses. In order to obtain a wide angle of view, the front lens group in the front view configuration is a negative lens group. Owing to the wide angle FOV, the astigmatism, coma and other aberrations are much larger. In order to reduce the aberrations, the first surface of the negative lens is aspherical. We try to combine the catadioptric mirror and aspherical front lens group used for the front view configuration into one hybrid lens surface. (4)The outside part of the hybrid surface can be used as the catadioptric mirror after coating it with silver for the back view configuration. Furthermore, the inside part of the hybrid surface is used as the transmissive aspherical surface for the front view configuration.
For the back view configuration of the DVCE lens, the lens structure is a typical catadioptric panoramic lens with a telecentric condition at the image plane [18-21]. The lens structure is shown in Fig. 2(c) . This configuration can be divided into two major parts. The first major part is comprised of a catadioptric mirror for the rear view function. The optical power of the catadioptric mirror is negative. The mirror design rules are based on previous research [11, 12, 18] .The second major part is comprised of a telecentrcic f-theta lens with an external stop [22] . For the back view configuration, the stop is between the catadioptric mirror and the rear lens group. The rear lens group is the common part in the DVCE. The lens group is a typical f-theta lens with a telecentric condition [22, 23] . Moreover, the catadioptic mirror integrates the least aspherical surface of the front lens group into one aspherical lens. This method makes the entire DVCE lens more compact in size and lower in weight. Based on the specifications in Table 1 . and the above discussion, we can use the lens group after the stop with the catadioptric mirror to allow the field of view to exceed 180 degrees for the back view configuration. The catadioptric mirror is used as the front lens part. The catadioptric mirror allows an FOV in excess of 180 degrees. There is serious pupil aberration. In order to allow accurate ray tracing, chief ray aiming is used but a lot of time is required to calculate the optical performance [24] .
At the image plane of the DVEC lens, there are two image views on the same CMOS sensor. One is the front view and the other is the back view. In order to help the doctor to avoid making mistakes by confusing the two images, there is a gap between them. The 0.3mm gap is created by the blind spot on the CMOS sensor. With the DVEC lens design, the image height is from 0 to 1.1 mm for the front view configuration and 1.4 to 2 mm for the back view configuration. Forth more, we also need software process to separate the two images and display them on separate monitors. This software process would probably be less confusing and not to force one to waste imaging pixels on the sensor by including a gap.
At this DVCE lens, there are two kind optical materials such as polycarbonate (PC) and COC. In order to reduce the chromatic aberration, we use the polycarbonate (PC) and COC to meet the goal. The refractive index of nd is 1.58 and the Abbe number is 29.9 for PC. The refractive index of nd is 1.53 and the Abbe number is 56.2 for COC. The three optical materials are used at the rear part of DVCE lens.
Optical performance of the DVCE lens
Distortion and relative illumination
Optical distortion is inherent with a typical wide angle lens. The optical distortions for the two configurations are shown in Fig. 3 . For the front view DVCE lens configuration, the optical layout is a typical reverse telephoto structure so there is serial barrel distortion. According to Fig. 3(a) , the optical distortion is around 80% but the TV distortion is around 30%. The back view configuration has a catadioptic wide angle lens optical layout. There is still serial barrel distortion, as shown in Fig. 3(b) . Owing to the high precision tooling with symmetry, we use the aspherical surface as a catadioptic mirror. The optical distortion is around 35% to 60%.The TV distortion still reaches 25%.
Moreover, the two configurations for the DVEC lens work under the wide angle lens. The typical wide angle lens inherently possesses lower relative illumination owing to the cosinefourth-power-rule [14] . However, the image plane for both configurations holds the near telecentric condition to reduce the effect of the cosine-fourth-power-rule. The relative illumination for the two configurations is shown in Figs. 3(c) and 3(d) . For the front view configuration, the relative illumination decreases from 1 to 0.61 in the field range from 0 to 1.1 mm as shown in Fig. 3(c) . For the back view configuration, the relative illumination of the center field ranges from 0 to 1.4mm is 0. The main reason is that it is obscured by the rear part lens group after passing through the free-form mirror of the DVEC lens. The relative illumination also decreases from 1 to 0.53, as shown in Fig. 3(d) . In one word, we control the minimum relative illumination more than 0.5 for no dark corner issue. 
Modulation Transform Function (MTF) of the DVCE lens
In an image system for medical examination, image quality is the most important factor for the detection of lesions. The modulation transform function (MTF) is representative of the image quality in a lens design. The MTF graphs for the DVCE lens are shown in Fig. 4 . Owing to the pixel size of the CMOS sensor, the Nyquist frequency is 50 lp/mm. In Fig. 4(a) , it can be seen that the MTF values at the Nyquist frequency are larger than 0.35 for all field heights for the front view configurations. In Fig. 4(b) , it can be seen that the MTF values at the Nyquist frequency are larger than 0.5 for the field range from 1.4 mm to 2 mm for the back view configurations. 
Tolerance analysis and prototype sample
The last step in the lens design is tolerance analysis. The key for mass production is the precision level of the tolerance data [24] . The precision tolerance data shown in Table 3 are used in the tolerance analysis. This is found by utilizing the inverse sensitivity MTF tolerance function in the Zemax software to verify the production ability. The results are shown in Fig.  5 . The Tangential MTF tolerance results for two figurations at the large field are shown in Table 3 . The cumulative probability MTF result at Nyquist frequency under Monte Carlo analysis is at Table 4 . But at the worst case for the two configurations, the MTF remains at 0.22 for all fields as shown in Fig. 5(a) . For the back view configuration, the MTF is still worse remaining above 0.20 for all fields, as shown in Fig. 5(b) . According to the tolerance performance shown in Table 3 , the degree of sensitivity for the front view configuration is higher than that for the back view configuration. Moreover, the most sensitive element is the last DVCE lens. The most critical parameter is the y-decenter for the last lens element in the DVCE lens. Finally, the DVCE lens tolerance is based on the front view configuration tolerance table. Finally we also do the prototype sample for DVCE lens. The mechanical layout is shown at Fig. 6(a) . The green space is RF part. The yellow space is the power part. The prototype of DVCE system is also at Fig. 6(b) . The length of the DVCE system is 26mm. The diameter of DVCE system is 13mm. The total volume is around 2875 mm 3 . We also capture the grid testing chart by the DVCE system as shown at Fig. 6(c) . The DVCE lens design data consults Taiwan patent I474040 [25] . 
Conclusion
In this study, a novel capsule lens with dual view functions is designed using a hybrid lens for two configurations. For the front view configuration, the DVCE lens is a typical wide angle lens with a telecentric condition at the image plane with an FOV that can reach over 90 degrees. The MTF value can remain about 0.29 for all fields. The TV distortion can be controlled to less than 30%. The relative illumination can remain above 0.61 for all fields. For the back view configuration, the FOV can reach 260 degrees to 290 degrees as a consequence of the catadioptric mirror. The catadioptric mirror can also reduce pupil aberration due to ultra wide angle lens. The MTF values still remain about 0.35 for all fields. The TV distortion can only be controlled to fewer than 25%. The image quality gets worst under ultra wide angle conditions but to the human eye it is still acceptable. Moreover, the relative illumination can only be maintained at about 0.53 for the maximum field. The relative illumination is still lower in the ultra wide angle condition. A novel illumination system is required by the DVCE lens. Both configurations with tolerance analysis are still finished. The common part for both configurations is the most sensitive and critical part in the DVCE lens. Under these design specifications for the DVCE lens, this design might allow improved detection and evaluation of digestive tract lesions.
